RESULTS:
We report the maps of meiotic DSBs in five males: two homozygous for the most common PRDM9 allele (PRDM9 A ) and three heterozygous for the PRDM9 A allele and for the less frequent PRDM9 B or PRDM9 C alleles. We find that PRDM9 A and PRDM9 B define similar DSB hotspots, whereas the PRDM9 C allele has a distinct specificity. A comparison of DSB hotspot maps with linkage disequilibrium (LD)-based estimates of recombination rates in the human population indicates that the LD map is a superimposition of PRDM9 allele-specific DSB maps and that the contribution of individual maps is proportional to the PRDM9 allele frequency in modern Africans. In individuals with identical PRDM9 alleles, over 5% of DSB hotspots vary in strength, yet less than half of this variation could be explained by sequence variation at putative PRDM9 binding sites. We also find that PRDM9 heterozygosity affects hotspot strength. In human males, DSBs, like crossovers, occur more frequently at subtelomeric regions, and the crossover rate is directly proportional to our estimate of DSB frequency. This indicates that DSB initiation frequency is a major driver of the crossover rate in human males. We detect distinct signatures of GC-biased gene conversion and of recombination-coupled mutagenesis at DSB hotspots. In addition, DSB hotspots are enriched at the breakpoints of copy number variants that arise via homology-mediated mechanisms. Such variants may give rise to genomic disorders, and indeed, we find that meiotic DSBs defined by PRDM9 A often coincide with disease-associated chromosomal breakpoints.
CONCLUSIONS:
Our genome-wide recombination initiation maps in individual human males offer unprecedented resolution of recombination initiation sites defined by specific alleles of the PRDM9 protein. Our analysis indicates that DSB frequency is a primary determinant of crossover frequency and that factors other than PRDM9 modulate the frequency of recombination initiation. We also find that meiotic DSB repair and subsequent recombination affect the genome sequence both locally and at the level of structural rearrangements. Taken together, these data provide a foundation for future studies of genetic recombination, meiosis, and genome stability. DNA double-strand breaks (DSBs) are introduced in meiosis to initiate recombination and generate crossovers, the reciprocal exchanges of genetic material between parental chromosomes. Here, we present high-resolution maps of meiotic DSBs in individual human genomes.
Comparing DSB maps between individuals shows that along with DNA binding by PRDM9, additional factors may dictate the efficiency of DSB formation. We find evidence for both GC-biased gene conversion and mutagenesis around meiotic DSB hotspots, while frequent colocalization of DSB hotspots with chromosome rearrangement breakpoints implicates the aberrant repair of meiotic DSBs in genomic disorders. Furthermore, our data indicate that DSB frequency is a major determinant of crossover rate. These maps provide new insights into the regulation of meiotic recombination and the impact of meiotic recombination on genome function.
G
enetic variation in humans is shaped by homologous recombination. Meiotic recombination itself is required for correct chromosome segregation in gametes; however, the initiation of recombination in humans remains poorly understood. Recombination events are tightly clustered in 1-to 2-kb-wide hotspots whose position is primarily determined by the histone-lysine N-methyltransferase PRDM9 protein (1-6). PRDM9 is one of the most rapidly evolving genes in humans, for which dozens of variants have been described (7) (8) (9) , and allelic variants have been shown to specify different sets of hotspots (4) . The PRDM9 protein binds DNA through a highly polymorphic tandem array of zinc fingers (ZnF) and is then thought to recruit the recombination initiation complex that includes meiotic recombination protein SPO11, the protein that introduces meiotic double-strand breaks (DSBs). These DSBs are subsequently repaired by homologous recombination to give rise to either genetic crossovers, in which a reciprocal genetic exchange occurs between homologous chromosomes, or noncrossovers (10) . Designation of a subset of events as crossovers is a tightly regulated process, but the determinants of whether any particular DSB will become a crossover or not remain largely unknown (11) .
Several approaches have been used to study recombination hotspots in humans. The most detailed maps of human recombination have been generated by means of computational inference of recombination rates from patterns of linkage disequilibrium (LD) in the human population (12) (13) (14) (15) . These maps do not, however, provide information about recombination rates in individuals. Single-nucleotide polymorphism (SNP) genotyping in human pedigrees has been used to identify crossovers, but the precision of crossover mapping is tens of kilobases (16) (17) (18) (19) (20) . Until recently, the study of meiotic recombination hotspots in individuals required sperm genotyping (21), a method that can define crossover sites with nucleotide resolution but cannot be used for genomewide analyses. Single-cell sequencing techniques have facilitated the construction of genome-wide crossover maps from individual sperm and oocytes (22) (23) (24) (25) ; however, such approaches currently lack the resolution to perform fine-scale analysis and hotspot detection. Furthermore, these approaches rely on the identification of crossovers, which are just one of the possible outcomes of recombination. In mammals, only~10% of DSBs are repaired as crossovers (26) ; therefore, the vast majority of recombination events in meiosis remain unexplored.
We overcome these limitations by generating genome-wide maps of meiotic recombination initiation sites in individual human males. Our approach combines hotspot resolution that is comparable with sperm genotyping, with the gender, individual, and PRDM9-allele specificity that LD-based methods lack. In addition, we detect all sites where recombination can occur, independent of the subsequent repair pathway. Although PRDM9 dictates hotspot locations, we find that~5% of hotspots are polymorphic between individuals with identical PRDM9 alleles. Sequence polymorphism at PRDM9 binding sites explains less than half of this variation. Through analysis of the DNA polymorphism spectrum at hotspots, we identified distinct signatures of GC-biased gene conversion and of recombination-mediated mutagenesis. We find evidence for a role of ectopic recombination in gross chromosomal rearrangements and identify 726 new potential rearrangement breakpoints. Last, this first analysis of the recombination initiation landscape establishes that like crossovers, DSBs occur more frequently at subtelomeric regions. This suggests that initiation frequency is a major driver of crossover rate in human males.
Genome-wide DSB hotspot map in humans
To create a representative overview of the recombination initiation landscape in human males, we generated high-resolution maps of meiotic DSB hotspots from four unrelated individuals (Fig. 1,  fig. S1 , and table S1). We performed chromatin immunoprecipitation followed by single-stranded DNA sequencing (SSDS) (27) to identify DNA fragments associated with DMC1 (meiotic recombination protein DMC1/LIM15 homolog), a specific marker of meiotic DSBs. The number of DMC1-associated single-stranded DNA (ssDNA) fragments provides an estimate of DSB frequency, although this estimate could be affected by the relative lifetime of ssDNA intermediates and by differences in DMC1 loading at individual hotspots. Two men in our sample set were homozygous for the most common PRDM9 allele (PRDM9 A ; individuals AA 1 and AA 2 ), and three were heterozygous for the PRDM9 A allele and for the less frequent variants PRDM9 B (AB 1 , AB 2 ) and PRDM9 C (AC). In total, we identified up to 38,946 DSB hotspots per individual (Fig. 1B and table S1 ). This number is substantially higher than the 15,000 to 20,000 hotspots identified in mouse (4), which is perhaps a reflection of the twofold higher recombination rate in humans (28) . The SSDS signal was three-to sevenfold higher on the sex chromosomes than on the autosomes ( fig. S1 ), and this may reflect continuous DSB formation (29) or extended DSB life span on the sex chromsomes (30, 31) . Autosomal DSB hotspot strength varied by over three orders of magnitude ( fig. S2 ), and 100 hotspots ( fig. S2 , table S3, and data file S1) were stronger than the recombination hotspot with the highest known crossover rate (9, 32) .
The PRDM9 protein defines most hotspot sites in mice (4) . Consistent with this role, 89% of human DSB hotspots were found at the same locations in the two AA individuals ( fig. S3) . A similar proportion of hotspots in the AB individual overlapped AA 1 /AA 2 hotspots (88%), suggesting that the PRDM9 A -like PRDM9 B allele does not specify a distinct set of hotspots (33) (fig. S3 ). Only 43% of DSB hotspots in the AC individual overlap PRDM9 A -defined hotspots (Fig. 1B) ; therefore, the remaining 56% (19, 330) are likely PRDM9 Cdefined. At the local level, many properties of hotspots, regardless of the PRDM9 allele, remain conserved between human and mouse (figs. S4 and S5) (33) . Common hotspot features include a purine-pyrimidine skew around hotspot centers and a local increase in GC content. Furthermore, as in mouse and consistent with the role of PRDM9 as a histone H3K4 trimethyltransferase (34) , most human DSB hotspots coincide with H3K4me3 in testis (57%) (fig. S6) .
Consistent with the different DNA binding specificities of the PRDM9 A and the PRDM9 C alleles, we identified distinct consensus motifs enriched at the centers of PRDM9 A -and PRDM9 C -defined hotspots ( fig. S7 ). Each motif matches the predicted PRDM9 binding site for the respective PRDM9 allele but not that of the other allele ( fig.  S7 ). Furthermore, the PRDM9 A motif, but not the PRDM9 C motif, is highly similar to a 13-oligomer motif previously found to be enriched at recombination hotspots (LD-hotspots) ( fig. S7) (13, 35) . This is consistent with the widespread predominance of the PRDM9 A allele in human populations [84% in European, 50% in African populations (9)]. In turn, the PRDM9 C motif is highly similar to a 17-oligomer motif, found at LD-defined recombination hotspots used in the African American but not in the European population (20, 35) . This agrees with the increased prevalence of the PRDM9 C allele in Africans (13%) as compared with Europeans (~1%) (9) .
To ensure proper segregation of the sex chromosomes during male meiosis, a crossover must form in the short regions of sequence homology shared between the X and Y chromosomes [pseudoautosomal regions (PARs)]. In mouse, there is a broad and extremely intense DSB signal adjacent to the pseudo-autosomal boundary (PAB) Furthermore, this signal and several hotspots outside of the PAR but immediately adjacent to it appear to be formed independently of PRDM9 (4) . Unlike in mouse, we did not observe a prominent DSB cluster near either human PAB (Fig. 2, A and B) , and PRDM9 allele-specific hotspot formation was observed in both PAR regions (Fig. 2 , C and D). Thus, it is unlikely that PRDM9-independent DSB formation near the PAB is a conserved mechanism to ensure a mandatory crossover in the PAR. It is possible, however, that PRDM9-independent DSB clusters are located in the very distal part of the human PARs close to the telomere. These regions are poorly assembled and replete with repetitive DNA and therefore cannot be analyzed by using high-throughput sequencing.
Contribution of individual PRDM9 alleles to the LD-based recombination rate map LD-based methods have provided the most comprehensive maps of human recombination to date (12) (13) (14) (15) . Because these maps are intrinsically sex-and population-averaged, they cannot distinguish between hotspots defined by different PRDM9 alleles. In contrast, our approach directly measures DSB frequency in a single male with a known combination of PRDM9 alleles. We thus explored the contribution of individual PRDM9 alleles to the LD map.
Overall, we found a good agreement between our individual-specific DSB maps and the LD map (Fig. 3A) , with 68% of LD-hotspots coinciding with a DSB hotspot. Consistent with the high frequency of the PRDM9 A allele across human populations, 56% of LD-hotspots coincided with PRDM9 A -defined hotspots (Fig. 3A) (9) . The less frequent PRDM9 C allele has also left a considerable footprint on patterns of linkage disequilibrium because 12% of LD-hotspots overlapped PRDM9 C -defined hotspots. These proportions are very close to the frequencies of these PRDM9 alleles in modern Africans (Fig. 1A) (9) , suggesting that the PRDM9 allelic distribution in modern Africans is similar to that in ancestral human populations. Nevertheless, 32% of LD-hotspots do not overlap a DSB hotspot in any of our maps (Fig. 3A) . These "LD-only" hotspots are likely the products of minor PRDM9 alleles, hotspots that vary between individuals and hotspots that are used more frequently in females than in males.
We next asked what proportion of DSB hotspots can be seen in LD data. Overall, 51.1% of DSB hotspots overlap population-averaged LD-hotspots (15) . Because there are substantial differences in PRDM9 allele frequencies between human populations, we used LD-hotspots inferred from population-specific subsets of HapMap II data (19) [Utah residents with ancestry from northern and western Europe (CEU); Yoruba in Ibadan, Nigeria (YRI)] to assess the DSB overlap. In agreement with the higher prevalence of PRDM9 C in African as compared with European populations, the PRDM9 C -defined DSB hotspots are better represented at YRI-specific hotspots (33% overlap) (Fig. 3B ) than at CEU-specific hotspots (4% overlap) (Fig. 3B) . Furthermore, at PRDM9 C -defined DSB hotspots, the mean YRI-derived recombination rate is higher than the mean CEU-derived recombination rate ( fig. S8 ). In contrast, PRDM9 Adefined DSB hotspots are well represented in both CEU-and YRI-specific LD-hotspots, with 52% overlapping hotspots in both populations (Fig. 3B) . Although the majority of DSB hotspots for each PRDM9 allele are found at LD-hotspots, 27% of PRDM9 A -defined and 44% of PRDM9 Cdefined DSB hotspots are not found at a LDhotspot in either population (Fig. 3B) . We did find, however, that >80% of these DSB hotspots were located in a region with an elevated recombination rate (Fig. 1C, "a," and Fig. 3C ), suggesting that these hotspots have been active in human populations but were simply below the detection thresholds used for LD-hotspot detection. Together, the DSB maps for different PRDM9 alleles clearly show that the population-averaged LD map is a combination of allele-specific maps.
Interindividual variability in hotspot strength
Although hotspot strength has been shown to vary between individuals sharing the same PRDM9 genotype (8, 9), these analyses were based on comparisons of crossover frequency at a limited number of strong hotspots, and the extent of this variation genome-wide is not known. To explore variation in hotspot strength on a genome-wide scale, we compared our DSB maps between the AA 1 and AA 2 individuals (Fig. 4A) (33) . Conservatively, we estimated that at least 3.2% (1146) of hotspots varied in strength (1.25-to >30-fold) ( fig. S9) , although the true proportion may be higher ( fig. S9A) .
Multiple factors may affect the DSB initiation frequency at a given hotspot. These include the DNA binding affinity of PRDM9, accessibility of the PRDM9 binding site, and modulation of SPO11 recruitment and DNA cleavage. To determine how interindividual sequence variation at PRDM9 binding sites affects DSB hotspot strength (Fig. 4B) sequence variants were strongly enriched around the center of variable hotspots (Fig. 4C) , and changes in motif score were positively correlated with changes in hotspot strength genome-wide ( fig. S10) . Furthermore, the enrichment of motifscore changing single-nucleotide variants (SNVs) around hotspot centers is primarily driven by "codirected" SNVs, in which the change in motif score matches the direction of change in hotspot strength ( fig. S11) .
To estimate the proportion of variable hotspots likely explained by sequence variation at PRDM9 binding sites, we first evaluated the spatial distribution and strength of putative functional PRDM9 sites (sites found inside hotspots). We estimate that >70% of functional PRDM9 binding sites lie within 250 nucleotides (nt) of hotspot centers, while >92% lie within 500 nt ( fig. S12A ). 99% of hotspots contain a PRDM9 motif match with a score >10 within 250 nt of center ( fig. S12, B and C) . However, analysis of PRDM9 motif loss through evolution suggests that even motifs with a score between 0 and 5 have been functionally active ( fig. S12D ). In total, 88% of variable hotspots differ in at least one sequence position between the genomes of AA 1 and AA 2 (table S5), providing an upper limit of proportion of variable hotspots caused by variation at PRDM9 binding sites. More realistically, between 23% (score > 10 within 250 nt from center) and 44% (score > 0 within 500 nt from center) of variable hotspots are likely explained by sequence differences at PRDM9 binding sites (Fig. 4D) . Because sequence variation explains less than 44% of variable hotspots, other factors such as binding site accessibility must strongly affect DSB initiation frequency. The relatively minor impact of sequence variation at DNA binding sites is not unique to meiotic DSB hotspots; for transcription factors, sequence changes at putative DNA binding sites only explain a small fraction of differential transcription factor occupancy (36, 37) .
Next, we asked whether variable hotspots detected in the AA 1 /AA 2 comparison were specific to these individuals or rather were polymorphic among humans. Individual-specific hotspots will not have left a footprint on historical recombination rates, and therefore, we compared the LD-defined recombination rate between variable and stable hotspots. We observed little difference between the mean recombination rates ( fig. S13) , suggesting that few variable hotspots are specific to AA 1 or AA 2 . In addition, over 60% of codirected SNVs within 250 nt from center are commonly found (minor allele frequency of >0.05) in both the CEU and YRI populations ( fig. S14 ), suggesting that most variable hotspots driven by variation at the PRDM9 binding site are polymorphic in humans.
PRDM9 heterozygosity modulates hotspot strength
DSB hotspots can vary in strength between individuals homozygous for the PRDM9 A allele. We next asked whether a heterozygous combination of PRDM9 alleles contributes to hotspot strength variation at PRDM9 A -defined hotspots. We compared hotspot strength in the AA 1 , AB, and AC individuals to the strength in AA 2 and found a much higher proportion of variable PRDM9 Adefined hotspots in the AB and AC individuals (8.5 and 24.0%, respectively) compared to AA 1 / AA 2 (3.5%) (Fig. 4, E and F, and fig. S15 ). This difference is unlikely to be caused by sequence variation in PRDM9 binding sites because the number of potential motif-disrupting sequence variants is similar in the AA and AB individuals ( fig. S16 and table S5 ). In the case of the PRDM9 A /PRDM9 B heterozygous individual, it is possible that the PRDM9 B ZNF array has slightly different binding preferences compared with PRDM9 A , and therefore, the apparent hotspot strength variation might be just a reflection of these changes in binding affinity. However, we do not observe any substantial changes in PRDM9 B binding specificity ( fig. S3) (33) , and such a model cannot account for increased hotspot variation in the PRDM9 A /PRDM9 C individual.
One way to explain the increased hotspot variability in the AC individual is interference between neighboring hotspots. Indeed, correlated changes in crossover frequency at neighboring hotspots have been observed in humans (38) . In Saccharomyces cerevisae, there is also abundant evidence that the activation of a nearby hotspot can affect DSB frequency at other hotspots in its vicinity (39) (40) (41) (42) . Chromatin modifications following DSB formation could provide a mechanistic basis for such effects. For example, H2AX phosphorylation occurs rapidly after DSB formation and can span megabase-sized domains in mammals (43) . This distance is clearly sufficient to affect nearby hotspots.
Alternatively, interactions between PRDM9 monomers, either direct or mediated by cofactors, may affect the DNA binding activity of PRDM9 and thus explain the increased hotspot strength variance in individuals heterozygous for PRDM9. Such cooperative interactions could modulate hotspot strength without changing binding specificity and may result in partial dominance (44) . In the case of PRDM9 binding, we have clear partial dominance of one allele over the other ( fig. S17) (4) . Although we cannot clearly establish the mechanism of hotspot strength modulation, this effect is not restricted to humans. In a mouse hybrid derived from a 9Rx13R F1 cross, we also observe increased variance in hotspot strength in heterozygous F1 animals relative to PRDM9 homozygotes ( fig. S18 ). Taken together, these observations suggest that the presence of a second PRDM9 allele can influence DSB hotspot strength.
The mutagenic effect of meiotic recombination
Meiotic recombination influences genome evolution through the shuffling of parental alleles, and broad-scale recombination rates are positively correlated with genetic diversity (45) . At finer scales, the recombination rate has also been found to positively correlate with genetic diversity in humans (46, 47) . However, the use of polymorphisms themselves to infer LD-defined recombination rates may confound such analyses (15) . In order to better understand how meiotic recombination influences genome diversity at a local scale, we explored the patterns of DNA variation around DSB hotspots.
Our initial analyses revealed a local increase in SNP density in the~3-kb region around both PRDM9 A -and PRDM9 C -defined hotspot centers (Fig. 5A ). This local increase in SNP density is likely a direct consequence of meiotic DSBs because the magnitude of enrichment was positively correlated with hotspot strength (Fig. 5B) . In addition, SNP enrichment reflects historical hotspot usage, as enrichment at PRDM9 A -defined hotspots was three times greater than at PRDM9 Cdefined hotspots. To account for the effects of selection and population history, we investigated the distribution of SNPs with different derived allele frequencies (DAFs) around DSB hotspots. In general, common SNPs represent relatively old mutations that have become established in the population as a result of selection or genetic drift. Rare variants are less likely to be influenced by selection; therefore, they will more accurately reflect the spectrum of mutagenesis events (48) . Parsing by DAF revealed two distinct spatial profiles of SNP enrichment, each of which was correlated with hotspot strength (figs. S19 and S20); a signal in the central T 0.5 kb derived primarily from common variants, and a broader signal extending to the T 1.5-kb shoulders of hotspots derived from rare variants.
Among common variants (DAF >0.01), AT>GC, AT>CG, and GC>CG variants were enriched in the narrow central T0.5-kb region of hotspots (Fig. 5C  and fig. S21 ). This polymorphism spectrum is indicative of GC-biased gene conversion (gBGC) (49) , and the 1-kb extent of this signature closely approximates recent measurements of gBGC at mouse hotspots (50) . Consistent with gBGC, we observe fixation of and enrichment for GC nucleotides at the hotspot center ( fig. S22) . The polymorphism spectrum of enriched rare variants (DAF < 0.01) was quite different from that observed for common variants. Among rare variants C>T (G>A) transitions, T>C (A>G) transitions, and to a lesser extent C>G (G>C) transversions were enriched in the broad T1.5-kb region around the hotspot centers (Fig. 5D and fig. S21 ). Like DNA resection, the rare polymorphism spectrum exhibited 180°rotational symmetry around the hotspot center (Fig. 5D and figs. S21 and S23) . Together with the strength-dependence of enrichment ( fig. S19 ), this symmetry suggests that these variants arose directly from DSB repair processes. A more detailed analysis of the trinucleotide context of SNPs shows that a majority of rare C>T and G>A variants occurred at ancestral CpG dinucleotides ( fig. S24, A and B) . Nevertheless, the polarity of these variants around DSBs makes it unlikely that cytosine deamination, a major mutagenic mechanism affecting methylated CpG dinucleotides (51) , was the mechanism of their formation ( fig. S24C ). Exactly which mechanism drives this diversity remains unclear; however, error-prone DNA synthesis by trans-lesion polymerases may have a role in meiotic DSB repair (52) . Together, our data show unequivocally that meiotic DSB repair processes increase local genetic diversity through both gBGC and mutagenesis.
DSB frequency is a major determinant of crossover rate
In meiosis, a DSB can be repaired as either a crossover or as a noncrossover (Fig. 6A) (26) . Because the proportion of DSBs resolved as crossovers might vary from hotspot to hotspot (11), the frequency of crossing over need not necessarily reflect the DSB formation rate. We thus asked whether the crossover landscape is largely shaped by variation in crossover/noncrossover resolution or whether it is mostly determined by the DSB frequency.
It has been well established that crossovers in human males are enriched in subtelomeric regions ( Fig. 6B and fig. S25) (16, 18, 19, 22, 23, 25, 53) . We found that DSB hotspots were also stronger and more densely spaced in the distal parts of chromosomes (Fig. 6B and figs. S1 and S26 ). This enrichment spans~10 Mb, independent of chromosome size (fig. S27) . Quantitavely, at the megabase scale the SSDS signal was strongly correlated to the male (Pearson R 2 = 0.90, n = 22 intervals of 5 Mb averaged across all chromosomes, P < 0.0001) but not to the female crossover frequency (18) (R 2 = -0.07, n = 22 intervals, P = 0.36) (Fig.  6B) . Furthermore, at PRDM9 A -defined hotspots we also found a positive correlation between the SSDS signal and the LD-defined recombination rates (Spearman R 2 = 0.2) (33), despite the influence of female recombination and hotspot erosion on these rate estimates. The relationship between crossover frequency and SSDS signal remains strong at the level of individual hotspots. We found that the mean SSDS signal in AA individuals is strongly correlated with the mean crossover frequency determined with sperm genotyping (Pearson R 2 = 0.58; P < 0.0001) ( , two tailed t test). Crossover frequency is taken from (9) and (32) . (D) The CO:DSB ratio is not strongly dependent on the distance to the telomere. The CO:DSB ratio for each of the hotspots analyzed in (C) is plotted against the absolute distance of the hotspot to the closest telomere. The shaded region represents the SE for the linear fit line. (Right) Boxplot illustrating that the CO:DSB ratio is highly variable among individual hotspots.
we therefore analyzed the relationship between CO:DSB ratio and proximity to telomeres. On the basis of the limited set of available hotspots, we found no strong evidence that the CO:DSB ratio depends on the distance to the telomere (Fig.  6D) , although nonlinear fitting suggests that the CO:DSB ratio may be higher near the telomere ( fig. S28A ). This increase could be driven by stronger CO hotspots ( fig. S28B) , which are themselves known to be enriched near telomeres; therefore, more data will be required to establish whether the CO:NCO ratio is elevated in telomere-adjacent regions. Taken together, although biased CO/NCO resolution may contribute, our per-hotspot and genome-wide observations collectively indicate that crossover frequency is largely determined by the rate of DSB formation.
The SSDS signal is a reflection of DSB frequency, but it may be influenced by the rate at which DSBs are repaired. To obtain an independent estimate of DSB frequency, we performed immunostaining for DMC1, a marker for meiotic DSBs, and quantified the distribution of DMC1 foci with respect to telomeres. We compared the density of DMC1 foci in the telomere proximal area with foci density in interstitial regions and found that early in meiosis, when DMC1 foci are first detected (early zygotene), there is a~1.8-fold excess of DMC1 foci in the telomere-proximal region ( fig. S29A) . Later in zygotene, although the number of DMC1 foci remains similar [early zygotene: 185 T 37 (SD); late zygotene: 166 T 41 (SD); P = 0.27, two-tailed Mann Whitney], the proportion of telomere-proximal DMC1 foci decreases (Fig. 7, A and B, and figs. S29 and S30 ). Although we cannot rule out that some subtelomeric DSBs have extended life span, our consistent observation of a decrease in DMC1 foci density near telomeres using different approaches indicates that most of these DSBs do not persist as meiosis progresses. Taken together, our observations suggest that increased DSB formation close to telomeres in early zygotene shapes the global DSB distribution in our genome-wide maps (Fig. 7C and fig. S31 ).
Last, we explored other aspects of DSB formation that may contribute to increased hotspot strength in subtelomeric regions. The PRDM9-dependent H3K4me3 peak intensity from chromatin immunoprecipitation followed by sequencing (ChIP-seq) experiments is correlated with hotspot strength in mice. (4, 54) ; therefore, we examined the H3K4me3 ChIP-seq signal at human hotspots. We found that despite increased hotspot strength in distal regions (figs. S26B, S27, and S32A), the H3K4me3 signal at hotspots did not increase ( fig.  S32B) . Furthermore, the correlation between hotspot strength and H3K4me3 signal decreased in distal relative to interstitial regions ( fig. S32C ). This suggests that in subtelomeric regions, PRDM9 may define DSBs independent of its methyltransferase activity, or that in these regions, other factors such as the chromatin environment and/or proximity to the nuclear envelope may modulate hotspot strength. Given the biased distribution of crossovers in males but not in females, such modulation may be acting only in the male germ line.
Meiotic recombination drives genome instability
Meiotic recombination has been implicated as a potential source of gross structural variants (SVs) (55); therefore, we examined the association between meiotic DSBs and SVs. We found that SVs generated by homology-based mechanisms [nonallelic homologous recombination (NAHR) or shrinking or expansion of variable number of tandem repeats (VNTR)] (55) were enriched at PRDM9 A -defined hotspots (table S6) . Structural rearrangements derived from unequal crossovers are known to cause genomic diseases (56) ; therefore, we asked whether disease-causing SV breakpoints occur at DSB hotspots. We found that 14 out of 27 disease-associated breakpoints that have been mapped to <1.5 kb coincided with a PRDM9 A -defined hotspot (table S7) . These hotspotassociated breakpoints include those responsible for X-linked ichthyosis ( fig. S33A ), Charcot-MarieTooth disease, and Hunter and Potocki-Lupski/ Smith-Magenis syndromes ( fig. S33B ), among others (table S7) . No disease-causing SV breakpoints coincided with PRDM9 C -defined DSB hotspots. This implies that individuals homozygous for the PRDM9 C allele are not at risk for these and highlights the utility of PRDM9 genotyping for future studies of genomic disorders. Most of these disease-associated breakpoints occur within directly paralagous low copy repeats (DP-LCRs) or inverted paralagous LCRs (IP-LCRs), genomic regions that are susceptible to NAHR-mediated recombination events (57, 58) . The 726 PRDM9 Adefined hotspots that occur at DP/IP-LCR regions (file S1) represent targets for future research into human genetic disease.
Conclusions
We have generated comprehensive maps of meiotic recombination initiation in human individuals. For each cell, we manually traced all chromosome axes that unambiguously initiated at a TRF2 focus. We defined telomere-proximal regions as the 1 mm of axis adjacent to the TRF2 focus ( fig. S30A ). For each cell, the telomeric density of DMC1 foci (F) was calculated as [(∑ DMC1 foci in telomere proximal 1-mm regions)/ (total DMC1 foci)/(total TRF2 foci)]. We do not count DMC1 foci adjacent to TRF2 foci that could not be unambiguously attributed to a particular chromosomal axis. This is particularly punitive for early cells, as the DMC1 density appears highest in regions where TRF2 foci are clustered and individual axes are difficult to distinguish. Error bars indicate mean T SD. P-values are calculated using a Mann-Whitney U-test. (C) Cartoon showing the distribution of DMC1 foci in early and late zygotene spermatocytes. Forty-eight percent of zygotene cells are at the early stage, where they show significantly higher frequency of DSB formation near telomeres. At late zygotene, DSBs are more evenly distributed. The combined signal from these two populations may result in the telomeric bias we observe in our genome-wide maps.
demonstrates that the recombination initiation frequency varies between individuals on a hotspot level. We can explain less than half of the variation in hotspot intensity by sequence changes at PRDM9 binding sites. This suggests that the chromatin environment or other factors mediate the rate of recombination initiation. Our maps allowed us to deduce genome-wide sets of human hotspots defined by different alleles of the PRDM9 protein. A comparison of DSB hotspot maps with LD-based map suggests that an LDbased recombination map is an apparent superposition of allele-specific maps and indicates that a sizable proportion of LD-defined hotspots are defined by minor PRDM9 alleles. Unlike previous methods that rely on the detection of only crossovers, we mapped hotspots by directly identifying the sites of early DSB repair intermediates. Our observations indicate that the DSB frequency itself is largely shaping the crossover distribution.
The high resolution of DSB hotspot mapping allowed us to carefully evaluate the impact of meiotic recombination on genome evolution. We have found clear evidence for GC-biased gene conversion and recombination-associated mutagenesis at sites of DSB hotspots. SVs associated with genomic disease are clearly associated with DSB hotspots defined by the PRDM9 A but not by the PRDM9 C allele, suggesting that the PRDM9 genotype should be considered in assessing predisposition to genomic disorders. Taken together, our data open a broad window into future studies of human recombination, meiosis, and genome evolution and provide a rich data source for future research into human genomic disease.
Methods Summary
We performed SSDS (27) using antibodies against DMC1 (Santa Cruz Biotechnology, Dallas, TX; C-20, sc 8973) in order to identify meiotic DSB hotspots in testis tissue from five individual human males. The genotype at the PRDM9 locus was established in each of these individuals by using the primers and method described in (9) . SSDS samples were compared with a matched control, and DSB hotspots were defined by using MACS 2.0.10 (59). Whole-genome sequencing libraries were prepared for three individuals according to an established protocol (Illumina, San Diego, CA). GATK best practices (60) were followed to identify variants using the GATK Genome Analysis Toolkit v2.3.9 (61). ChIP using antibodies against H3K4me3 (Abcam; ab8580) followed by high-throughput sequencing was performed to identify sites of trimethylated H3K4 in one individual. Peaks in H3K4me3 data were called by using SICER v1.1 (62) . All high-throughput sequencing was performed on an Illumina HiSEq 2500. Spermatocyte spreads were prepared for immunofluorescence microscopy by using the method described in (63) . Detailed methods are available in (33) .
